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We have identified a novel common site of retroviral integration, Evi-5, in AKXD T-cell lymphomas. All
proviruses located at Evi-5 are clustered within a 7-kb genomic region and, where determined, are oriented in
the same transcriptional direction. Interspecific backcross analysis localized Evi-5 to mouse chromosome 5,
where it cosegregated with another common viral integration site, Gfi-1. Gfi-1 encodes a novel zinc finger
transcription factor whose expression is thought to be important for interleukin-2 signaling. Physical mapping
studies showed that Evi-5 is located approximately 18 kb upstream of Gfi-1, and Southern analysis showed that
Gfi-1, like Evi-5, is a common integration site in AKXD T-cell tumors. With one exception, Evi-5 and Gfi-1
integrations were mutually exclusive. Ten of the tumors with Evi-5 or Gfi-1 integrations also harbored viral
integrations at other common integration sites causally associated with T-cell disease. These results are
consistent with the hypothesis that T-cell lymphomagenesis is a multistep disease and that viral integration at
Evi-5 or Gfi-1 is causally associated with this disease process.

Inbred mouse strains that have high spontaneous incidences
of retrovirally induced disease represent valuable model sys-
tems for the identification of novel disease genes. The retro-
viruses that induce these diseases do not carry oncogenes in
their genomes; instead, they induce disease via insertional mu-
tagenesis of cellular proto-oncogenes or tumor suppressor
genes (reviewed in references 6, 23, 38, and 47). The disease
genes that are affected by viral integration in these tumors can
thus be identified as common sites of retroviral integration in
tumor DNAs.
One strain that is particularly valuable for the study of ret-

rovirally induced myeloid disease is BXH2. BXH2 mice have
the highest spontaneous incidence of retrovirally induced my-
eloid leukemia of any known inbred mouse strain (1). BXH2 is
a recombinant inbred strain derived from a cross between
C57BL/6J and C3H/HeJ mice (3). Although the leukemia in-
cidence in the two parental strains is low, greater than 95% of
BXH2 mice die of a myelomonocytic leukemia by 1 year of age
(1, 30). The high incidence of myeloid leukemia in BXH2 mice
is causally associated with the expression of a B-ecotropic
murine leukemia virus (MuLV) that is horizontally transmitted
in this strain from mother to offspring either through in utero
infection or through the mother’s milk (2, 24).
Another set of inbred mouse strains that have proven valu-

able for the study of retrovirally induced myeloid tumors, in
addition to T- and B-cell leukemias, are the AKXD recombi-
nant inbred strains (15, 37). These strains were derived by
crossing mice from two inbred mouse strains that differ signif-
icantly in their lymphoma incidences, AKR/J and DBA/2J.
AKR/J is the prototypic highly lymphomatous inbred mouse
strain; nearly all of these animal develop T-cell lymphomas by
7 to 16 months of age. DBA/2J is a strain with a low incidence
of lymphoma.

The high incidence of lymphomas in AKR/J mice is causally
associated with the expression of two endogenous ecotropic
MuLV loci, Emv-11 and Emv-14 (25). Recombinant viruses
termed mink cell focus-forming (MCF) viruses have also been
identified in both preleukemic and leukemic thymuses of
AKR/J mice (18–20). MCF viruses are not encoded directly in
the AKR/J germ line but are generated by multiple recombi-
nation events involving an ecotropic virus and at least two
endogenous nonecotropic proviruses (12–14, 39, 45, 46).
Whereas AKR ecotropic viruses are weakly leukemogenic
when injected into newborn mice, MCF viruses are highly
leukemogenic (21), suggesting that the generation of MCF
viruses is an important event in predisposing AKR mice to the
development of T-cell lymphomas.
Among 21 highly lymphomatous AKXD strains available for

study, 6 strains die predominantly of T-cell disease, like the
AKR/J parent. In contrast, seven strains die predominantly of
B-cell disease, one dies predominantly of myeloid disease, and
seven die of a mixture of T- and B-cell diseases (15, 37). As
expected from the results with AKR/J mice, somatic MCF
proviruses are often identified in AKXD T-cell lymphomas,
while somatic ecotropic proviruses are identified primarily in
lymphomas of the other cell types (15, 35).
As part of our long-term efforts to identify novel myeloid

disease genes by using BXH2 mice as a model system, we
cloned a somatic ecotropic provirus from a BXH2 tumor and
determined if it was located at a common viral integration site.
Surprisingly, this provirus was not located at a common viral
integration site in BXH2 tumors but instead defined a common
viral integration site that was rearranged primarily in AKXD
T-cell lymphomas. Genetic and physical mapping studies
showed that this common site was linked to, but distinct from,
another common viral integration site identified in Moloney
MuLV-induced rat T-cell lymphomas. The role of these two
common sites in T-cell lymphomagenesis is discussed.

MATERIALS AND METHODS

Mice and tumors. The BXH2 and AKXD recombinant inbred strains were
derived and maintained by Benjamin A. Taylor (The Jackson Laboratory, Bar
Harbor, Maine). The cell types of BXH2 and AKXD tumors were determined by
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a combination of histopathological and molecular analyses described previously
(1, 15, 34).
DNA isolation and Southern blot analysis.High-molecular-weight DNAs were

prepared from frozen mouse tissues (25, 37). Bacteriophage and plasmid DNAs
were prepared by using standard procedures (41). Yeast DNA was prepared by
standard procedures (40). Restriction endonuclease digestions, agarose gel elec-
trophoresis, Southern blot transfers, hybridizations, and washes were performed
as described previously (15).
Library construction and screening. A subgenomic library was constructed

with DNA from BXH2 tumor 82-6 by cleavage of the DNA to completion with
EcoRI and subsequent enrichment of DNA fragments of 12 to 15 kb by agarose
gel electrophoresis. The size-selected DNA fractions were purified by freezing
and phenol extraction (7). The fraction containing the desired somatically ac-
quired retrovirus was identified by Southern blot hybridization with the pEco
probe (8), which was then inserted into the EcoRI site of lambda dash (Strat-
agene). The phage was packaged by using Gigapack (Stratagene), and 50,000
recombinant phage were screened. The cloned provirus was then subcloned into
the EcoRI site of pBluescript SK1 (Stratagene), and subsequently a 1.9-kb
genomic flanking region 59 to the viral integration was subcloned into the EcoRI-
PstI sites of pBluescript SK1 (Stratagene).
To molecularly clone the unrearranged genomic DNA at Evi-5 and Gfi-1,

probe S and probe G were used to screen a C57BL/6J genomic library (27), and
overlapping lambda clones, g2, g4, and g19, which span;50 kb of genomic DNA
were isolated.
Probes. pEco, an ecotropic virus-specific probe derived from the ecotropic

virus envelope (env) gene, has been described elsewhere (8). Probe S is a 610-bp
Sau3A fragment isolated from a subcloned 1.9-kb EcoRI-PstI genomic fragment
located upstream of the 82-6 somatic provirus, probe H is an 800-bp HindIII
fragment isolated from the lambda genomic clone g4, and probe G is a subcloned
rat genomic DNA fragment (GIE) isolated from sequences located upstream of
Gfi-1 and was a gift from H. Leighton Grimes and Philip N. Tsichlis (Fox Chase
Cancer Center, Philadelphia, Pa.).
Restriction mapping. Restriction maps were generated by combinations of

Southern blot analysis of genomic DNA and partial digestion of end-labeled
lambda genomic clones (41).
YAC cloning. Probe S was used to screen mouse YAC libraries provided by the

Reference Library-Data Base, Genome Analysis Laboratory, Imperial Cancer
Research Fund (ICRF), London, United Kingdom (33), and a positive clone,
ICRFy902C05138, was identified from library no. 902 (31). Yeast colony repli-
cation and preparation of filters for Southern hybridizations were performed by
procedures described elsewhere (31).
Pulsed-field gel electrophoresis. Cells grown from a single colony of YAC

clone ICRFy902C05138 were harvested and embedded in 0.5% (wt/vol) agarose
blocks. Restriction endonuclease digestions with BssHII, EglI, MluI, NaeI, SalI,
and SfiI were performed, and the products were subjected to contour-clamped
homogeneous electric field (CHEF) gel electrophoresis (9) with a CHEF Map-
per pulsed-field electrophoresis system (Bio-Rad) as described previously (28).
DNA was Southern blotted by standard alkaline transfer methods to Hybond N1
membranes (Amersham), and hybridizations were performed as described pre-
viously (24).
Interspecific backcross mapping. Interspecific backcross progeny were gener-

ated by mating (C57BL/6J 3 Mus spretus)F1 females and C57BL/6J males as
described previously (10). A total of 205 N2 mice were used to map the Evi-5
locus (see Results for details). DNA isolation, restriction enzyme digestion,
agarose gel electrophoresis, Southern blot transfer, and hybridization were per-
formed essentially as described previously (25). All blots were prepared with
Hybond N1 nylon membranes (Amersham). Probe S was used as the hybrid-
ization probe (see Results for details). The probe was labeled with [a-32P]dCTP
by random priming (Stratagene); washing was done to a final stringency of 1.03
SSCP (13 SSCP is 87.7 g of NaCl, 44.1 g of sodium citrate, and 0.0375 g of citric
acid in 500 ml)–0.1% sodium dodecyl sulfate at 658C. A 7.0-kb fragment was
detected in HincII-digested C57BL/6J DNA, and a 5.1-kb fragment was detected
in HincII-digested M. spretus DNA. The presence or absence of the 5.1-kb M.
spretus-specific HincII fragment in backcross mice was monitored.
Descriptions of the probes and restriction fragment length polymorphisms for

the loci linked to Evi-5, including those for fibroblast growth factor 5 (Fgf-5),
growth factor independence 1 (Gfi-1), and crystallin beta B2 (Crybb-2), have
been reported previously (4, 5, 22). Recombination distances were calculated as
described previously (17) with the computer program SPRETUS MADNESS.
Gene order was determined by minimizing the number of recombination events
required to explain the allele distribution patterns.

RESULTS

Evi-5, a common site of retroviral integration in AKXD
T-cell lymphomas. As part of our long-term efforts to identify
novel myeloid disease genes, we cloned a somatically acquired
ecotropic provirus from BXH2 tumor 82-6 (Fig. 1A). Subse-
quently, we isolated a unique-sequence 610-bp Sau3A frag-
ment, termed probe S (Fig. 1A), from the cellular DNA se-

quences located 59 of the 82-6 provirus and used it to
determine whether the 82-6 provirus was located at a common
viral integration site in BXH2 tumors. A panel of 160 EcoRV-
digested BXH2 tumor DNAs was analyzed by Southern hy-
bridization with probe S. Among the 160 DNAs tested, only
tumor 82-6 showed a rearranged fragment (Fig. 1B; data not
shown). These results suggested that the 82-6 provirus is not
located at a common viral integration site in BXH2 tumors.
In addition to the 160 BXH2 tumors, we also screened a

panel of 283 AKXD tumors for retrovirally induced rearrange-
ments by using probe S. This panel of AKXD tumors includes
about equal numbers of retrovirally induced B- and T-cell
lymphomas in addition to a small number of retrovirally in-
duced myeloid tumors (15, 34). Ten of the AKXD tumors
screened showed virally induced rearrangements (Fig. 1B; Ta-
ble 1). Eight of these tumors were T-cell lymphomas, one was
a mixed T-cell and myeloid lymphoma, and one was a B-cell
lymphoma (Table 1). Thus, while the genomic locus defined by

FIG. 1. (A) Restriction map of the Evi-5 common viral integration site.
Abbreviations for restriction endonucleases: B, BamHI; H, HindIII; RI, EcoRI;
RV, EcoRV; P, PstI. The positions and orientations (59 to 39) of proviruses
integrated at Evi-5 are shown above the restriction map. The type of integrated
provirus, when known, is also indicated: E, ecotropic provirus; M, MCF provirus.
The two proviral integrations in tumors 39 and 72 are arbitrarily labeled a and b.
The shaded box below the map represents the provirus-containing EcoRI frag-
ment that was cloned from BXH2 tumor 82-6. The provirus is shown by a broken
thin line flanked by two open boxes representing viral long terminal repeats. The
solid boxes below the map represent the locations of unique-sequence-containing
DNA probes derived from the Evi-5 locus (probes S and H). (B) Evi-5 rear-
rangements in BXH2 and AKXD tumors. EcoRV-digested tumor DNAs were
Southern blotted and hybridized with probe S. The number of each tumor
containing a proviral integration at Evi-5 is listed above the lanes. The unrear-
ranged germ line EcoRV fragment is 13 kb. The additional EcoRV fragments
seen in each tumor indicate virus-induced rearrangements of Evi-5. The numbers
to the right correspond to the sizes (in kilobases) of HindIII-digested lambda
DNA fragments run in a parallel lane of the same gel.
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the 82-6 provirus is not a common viral integration site in
BXH2 tumors, it is a common viral integration site in AKXD
tumors. This common viral integration site has been desig-
nated Evi-5 (ecotropic viral integration site 5). Evi-5 rearrange-
ments were detected predominantly in AKXD T-cell lympho-
mas, suggesting that the Evi-5 locus harbors a T-cell proto-
oncogene or tumor suppressor gene.
Viral integrations at Evi-5 are clustered within a 7-kb

genomic region. The integration site of each provirus located
at Evi-5 was characterized by Southern analysis following di-
gestion with EcoRV or KpnI, each of which cut once within the
ecotropic viral long terminal repeat, and hybridization with
probe S and another probe, probe H, which maps approxi-
mately 5 kb downstream of probe S (Fig. 1; see Fig. 4). Tumor
DNAs were also digested with EcoRI, which does not cut
within ecotropic proviruses, in order to confirm that the rear-
rangements were due to ecotropic viral integration. The results
of this analysis are summarized in Fig. 1A. Among the 11
tumors analyzed (Table 1), 9 had single viral insertions, while
2, AKXD tumors 72 and 39, each had two viral insertions (Fig.
1). In the absence of cell lines from these tumors, we are not
able to determine whether the two viral insertions occurred in
the same cell or in two different subpopulations of the same
tumor. All of the proviruses were located within a 7-kb region,
and eight appeared to represent ecotropic proviruses. Five of
the proviruses generated EcoRI restriction fragments that
were not consistent with ecotropic virus integration. We pre-
sume that these three proviruses are MCF proviruses, which
are frequently identified in AKXD T-cell tumors (35).
The orientations of seven of the ecotropic proviruses were

determined by Southern analysis following digestion with
HindIII, SacI, or BamHI, each of which cut asymmetrically
within the ecotropic provirus. The orientations of the MCF
proviruses could not be easily determined because of the vari-
ability in the restriction maps of different MCF proviruses. All
seven of the ecotropic proviruses analyzed were oriented in the
same transcriptional direction.
Evi-5 maps near Gfi-1 on mouse chromosome 5. The mouse

chromosomal location of Evi-5 was determined by interspecific
backcross analysis with progeny derived from matings of
(C57BL/6J 3 M. spretus)F1 mice with C57BL/6J mice. This
interspecific backcross mapping panel has been typed for over
1,900 loci that are well distributed among all the mouse auto-
somes and the X chromosome (10, 10a). C57BL/6J and M.
spretus DNAs were digested with several different restriction
enzymes and analyzed by Southern blot hybridization for in-
formative restriction fragment length polymorphisms by using

probe S. A 5.1-kb M. spretus-specific HincII restriction frag-
ment length polymorphism was used to monitor the segrega-
tion of the Evi-5 locus in backcross mice (see Materials and
Methods). The mapping results indicated that Evi-5 is located
on mouse chromosome 5, where it cosegregated with Gfi-1 in
169 animals typed in common (Fig. 2). Although only 128 mice
were typed for every marker shown in the haplotype analysis
(Fig. 2, top), up to 193 mice were typed for some pairs of
markers. Each locus was analyzed in pairwise combinations for
recombination frequencies by using the additional data. The
ratios of the total number of mice exhibiting recombinant
chromosomes to the total number of mice analyzed for each
pair of loci and the most likely gene order are as follows:
centromere–Fgf-5–3/169–(Gfi-1 and Evi-5)–3/145–Crybb-2. The
recombination frequencies (expressed as genetic distances in
centimorgans6 the standard error) are as follows: Fgf-5–1.86
1.0–(Gfi-1 and Evi-5)–2.1 6 1.2–Crybb-2. The fact that no
recombinants between Gfi-1 and Evi-5 were detected in 169
animals typed in common suggests that the two loci lie within
1.6 centimorgans of each other (95% confidence limit).
Gfi-1, like Evi-5, is a common viral integration site that was

identified during progression of Moloney MuLV-induced rat
interleukin-2 (IL-2)-dependent T-cell lymphoma lines to IL-2-
independent growth (16). Proviral integration at Gfi-1 upregu-
lates the expression of a novel zinc finger protein that is ex-
pressed at low levels in IL-2-dependent T-cell lymphoma lines.
In mitogen-stimulated splenocytes, Gfi-1 expression begins to
rise 12 h after stimulation and reaches high levels after 50 h.

TABLE 1. Virally induced rearrangements at the Evi-5 locus in
AKXD tumors

Recombinant
inbred strain

Tumor
no.

Tumor
typea

Second viral
insertion(s)

AKXD3 83 T Mlvi-1
AKXD6 72 T
AKXD17 21 T
AKXD17 39 T Gfi-1
AKXD18 160 T
AKXD21 290 T Pvt-1
AKXD21 102485 T
AKXD23 157 M/T Evi-1
AKXD27 99 T Myc, Pim-1
AKXD27 109 B
BXH2 82-6 M

a T, T-cell lymphoma; M/T, mixed myeloid and T-cell lymphoma; B, B-cell
lymphoma; M, myeloid leukemia.

FIG. 2. Mouse chromosomal location of Evi-5. (Top) Segregation of Evi-5
and flanking markers in 128 N2 (C57BL/6J 3 M. spretus)F1 3 C57BL/6J back-
cross mice. Each column represents the chromosome identified in the N2 prog-
eny that was inherited from the (C57BL/6J 3M. spretus)F1 female parent. Black
boxes represent C57BL/6J alleles; white boxes representM. spretus alleles. Locus
symbols are shown on the left. The numbers at the bottom indicate the total
number of N2 mice inheriting each type of chromosome. (Bottom) Partial link-
age map of mouse chromosome 5, showing the map location of Evi-5 and
flanking markers (see Results). The map distances (in centimorgans) are indi-
cated on the left of the map, and the map locations of human loci are shown on
the right.
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This result suggests that Gfi-1 is a downstream target of the
IL-2 receptor and may function during the transition from the
G1 to the S phase of the cell cycle. Consistent with this hy-
pothesis, overexpression ofGfi-1 does not induce expression of
IL-2 but does contribute to the emergence of the IL-2-inde-
pendent phenotype (16).
Evi-5 and Gfi-1 represent two different, closely linked com-

mon viral integration sites. In order to determine if Evi-5 and
Gfi-1 are the same common integration site, one identified in
the mouse and one identified in the rat, we generated a re-
striction enzyme map of the mouse Gfi-1 locus and compared
it with the restriction enzyme map of Evi-5. The results of this
analysis indicated that the two common integration sites are
distinct (data not shown). Next, we isolated a 410-kb YAC
clone of mouse genomic DNA by using probe S. The physical
distance between the two common integration sites was then
determined by CHEF electrophoresis of this 410-kb YAC
clone with probe S (Fig. 3, left panel) and a rat Gfi-1 probe
(Fig. 3, right panel). The two pulsed-field gel electrophoresis
maps were virtually identical; the only major differences was
that the Evi-5 probe was located on an 80-kb SalI fragment,
while the Gfi-1 probe was located on an 18-kb SalI fragment.
The two probes were colocalized to a 30-kb SfiI fragment.
These results suggest that the two common sites are located
within 30 kb of each other in the genomic DNA.
In order to more precisely determine the physical distance

between Evi-5 and Gfi-1, we isolated a number of overlapping
genomic lambda clones from the Evi-5–Gfi-1 region (Fig. 4).
Three of the clones, g2, g4, and g19, covered 50 kb of genomic
DNA. Hybridization of Evi-5 probes S and H and of Gfi-1
probe G to this genomic contig allowed us to position Evi-5
approximately 18 kb upstream of Gfi-1 (Fig. 4).
Gfi-1 is a common viral integration site in AKXD lympho-

mas. To determine if Gfi-1 was a common viral integration site
in the AKXD tumors, we screened the entire panel of AKXD
tumors for virally induced rearrangements by using a genomic
Gfi-1 probe. Of the 283 tumors analyzed, 14 had virally in-
duced rearrangements (Fig. 5; Table 2). Twelve of these tu-
mors were T-cell lymphomas, while two were B-cell lympho-
mas. Only one of these tumors had a viral integration at Evi-5.
These results are consistent with the previous studies of Gilks

and coworkers (16) suggesting that Gfi-1 encodes a T-cell-
specific proto-oncogene.
The positions and orientations of proviruses located at Gfi-1

were determined as described above for the proviruses located
at Evi-5. All of the proviruses were integrated within a 9-kb
region of genomic DNA and, where determined, were oriented
in the same transcriptional direction (Fig. 4). This transcrip-
tional direction was identical to that of the proviruses located
at Evi-5 (Fig. 4). Proviral integration at Gfi-1 was immediately
upstream of the start site of Gfi-1 transcription, and the direc-
tion of Gfi-1 transcription was opposite to that of proviral
transcription (Fig. 4). These results suggest that viral integra-
tion at Gfi-1 upregulates Gfi-1 transcription via an enhancer
mechanism.
Second-site mutations in tumors with Evi-5 or Gfi-1 inte-

grations. Ten of the AKXD tumors with viral integrations at

FIG. 5. Gfi-1 rearrangements in AKXD tumors. EcoRV-digested tumor
DNAs were analyzed by Southern blot hybridization with probe G. The desig-
nation of a tumor haboring a proviral integration at Gfi-1 is listed above each
lane. The unrearranged germ line EcoRV fragment is 22 kb, and the additional
EcoRV fragments seen in each tumor indicate virus-induced rearrangements at
Gfi-1.

FIG. 3. CHEF analysis of the Evi-5–Gfi-1 region. DNA from YAC clone
ICRFy902C05138 was digested with rare-cutter restriction endonucleases, sep-
arated by CHEF electrophoresis, and analyzed by Southern blot hybridization.
The blot was hybridized with Evi-5 probe S (left) and then stripped and rehy-
bridized with Gfi-1 probe G (right). The enzymes used in the analysis are
indicated above the lanes. Molecular sizes (in kilobases) are given on the right.
Note that both probe S and probe G hybridize to the same 30-kb SfiI fragment.

FIG. 4. Restriction map of the Evi-5–Gfi-1 genomic region. Abbreviations
for restriction endonucleases: B, BamHI; H, HindIII; RV, EcoRV; Sal, SalI; Sfi,
SfiI. Above the map, the positions and orientations (59 to 39) of proviral inte-
grations at Evi-5 and Gfi-1 are indicated. Below the map, DNA probes used in
Southern blot analysis are shown by the dark boxes; lambda clones spanning the
region (g2, g4, and g19) are also shown. The start site and direction of Gfi-1
transcription are indicated by an arrow.
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Evi-5 or Gfi-1 have previously been shown to contain viral
integrations at other common integration sites, including Myc,
Mlvi-1, Pvt-1, Pim-1, Fis-1, and Evi-1 (Tables 1 and 2) (34, 36).
All of these common sites, with the exception of Evi-1, have
been causally implicated in murine T-cell lymphomagenesis
(reviewed in references 6, 23, 38, and 47). These results are
consistent with the notion that T-cell lymphomagenesis is a
multistep disease which requires the cooperation of multiple
different cellular proto-oncogenes and/or tumor suppressor
genes. They are also consistent with the involvement of Evi-5
and Gfi-1 in T-cell disease.
The one exceptional tumor was AKXD-23 tumor 157 (Table

1), which has a viral integration at Evi-5 in addition to the
myeloid-tumor-cell-specific common integration site, Evi-1
(36). Tumor 157 is a mixed myeloid and T-cell lymphoma;
therefore, the simplest explanation for these results is that
tumor 157 is oligoclonal, with one population of myeloid tumor
cells harboring an Evi-1 integration and a second population of
T-cell tumor cells harboring an Evi-5 integration.

DISCUSSION

In an attempt to identify novel myeloid-disease genes in
BXH2 myelomonocytic tumors, we cloned a somatic provirus
from a BXH2 tumor and investigated whether it was located at
a common viral integration site. Unexpectedly, this provirus
was not located at a common integration site in BXH2 tumors
but was located at a common integration site in AKXD tumors.
This common site, designated Evi-5, was rearranged predom-
inantly in AKXD T-cell lymphomas; most AKXD B-cell and
myeloid lymphomas did not harbor viral integrations at Evi-5.
These results suggest that Evi-5 harbors a disease gene that
predisposes mice primarily to the development of T-cell dis-
ease.
At present, it is not clear why a provirus cloned from a

BXH2 myelomonocytic tumor would identify a common inte-
gration site in AKXD T-cell lymphomas but not in BXH2
myeloid tumors. One possibility is that Evi-5 harbors a disease
gene that can participate in a variety of different hematopoietic
diseases but that the preferred disease that results from viral
integration at Evi-5 is T-cell disease. This possibility is consis-
tent with our identification of one AKXD B-cell lymphoma
that harbors an Evi-5 rearrangement. Another possibility is
that this BXH2 tumor was misclassified and is actually a T-cell
lymphoma rather than a myeloid tumor. While Southern anal-

ysis has failed to identify any T-cell receptor rearrangements in
this tumor that might be indicative of a T-cell origin, similar
analyses with a large panel of BXH2 tumors suggest that a few
percent of the tumors are, in fact, T-cell tumors (data not
shown). Thus, it is still conceivable that this tumor is T cell in
origin.
Genetic and physical mapping studies showed that Evi-5 is

located approximately 18 kb upstream of Gfi-1 on mouse chro-
mosome 5. Gfi-1 is a common viral integration site that was
identified in Moloney MuLV-induced rat T-cell lymphomas.
Gfi-1 encodes a zinc finger protein which, when overexpressed,
contributes to the emergence of IL-2-independent cells (16).
Like Evi-5, Gfi-1 is also a common viral integration site in
AKXD T-cell lymphomas.
Ten of the AKXD T-cell lymphomas with viral integrations

at Evi-5 or Gfi-1 also contained viral integrations at other
common integration sites identified in mouse and rat T-cell
lymphomas. While we have not yet proven that viral integra-
tion into these common sites occurs in the same tumor cell, as
opposed to different subpopulations of tumor cells, these re-
sults are consistent with data from other laboratories indicat-
ing that T-cell lymphomagenesis is a multistep disease requir-
ing the cooperation of many different disease genes (6).
Nine of the lymphomas with integrations in Evi-5 or Gfi-1

had integrations in Myc or in common sites that are located
near and activate Myc (Pvt-1) (32, 43) or that synergize with
Myc (Pim-1) (11, 42, 48). These results strongly suggest that
Gfi-1 and Evi-5 can cooperate withMyc in tumor induction and
are consistent with previous reports demonstrating that Myc is
a frequent target of retroviral integration in mouse and rat
T-cell lymphomas (38).
One of the lymphomas with an integration in Gfi-1 also had

an integration in Fis-1. Fis-1 is a common site of Friend murine
leukemia virus integration in mouse lymphomas and myelog-
enous leukemias (44). Fis-1 has been localized at 50 to 300 kb
59 of the cyclin D1 gene (Ccnd-1), and viral integration at Fis-1
has been shown to upregulate expression of Ccnd-1 in both
myelogenous leukemias and T-cell lymphomas (29).
An important question that remains to be answered is

whether viral integration at Evi-5 merely serves to activate
Gfi-1 expression or whether Evi-5 encodes a separate and
distinct gene. At this point, the two alternative explanations
seem equally feasible. As discussed above, viral integration at
Mlvi-1 and Mlvi-4, which map approximately 30 and 270 kb 39
ofMyc, respectively, has been shown to activateMyc expression
(32). Likewise, integration at Fis-1 can activate Ccnd-1 expres-
sion even though Ccnd-1 maps 50 to 300 kb 39 of Fis-1 (29).
Viral integration therefore appears to be capable of affecting
gene expression over very large distances. In contrast, viral
integration at Mis-2 and Ahi-1, which are located 160 and 35
kb, respectively, from Myb (26, 49), a frequent common inte-
gration site in murine myeloid leukemias (reviewed in refer-
ence 38), does not appear to alter Myb expression, suggesting
that these two common sites harbor novel disease genes. Ex-
periments are in progress to identify cell lines with viral inte-
grations at Evi-5 in order to determine whether Evi-5 encodes
a novel gene or affects Gfi-1 expression at a distance.
Finally, the human homolog of Gfi-1, GFI1, has recently

been mapped to human chromosome 1p22, defining a new
syntenic region between mice and humans (4). This region has
been implicated in a number of forms of human disease, in-
cluding breast cancer, pheochromocytoma, malignant me-
sothelioma, and pleomorphic adenomas of the salivary gland.
Future studies will be important to determine the role, if any,
of GFI1 and EVI5 in human disease.

TABLE 2. Virally induced rearrangements at the Gfi-1 locus in
AKXD tumors

Recombinant
inbred strain

Tumor
no.

Tumor
typea

Second viral
insertion

AKXD6 38 T
AKXD10 253 T
AKXD10 336 B
AKXD14 86 B
AKXD14 87 T Pim-1
AKXD16 314 T Fis-1
AKXD17 50 T Myc
AKXD17 68 T Myc
AKXD17 39 T Evi-5
AKXD17 139 T
AKXD18 73 T Myc
AKXD18 98 T Myc
AKXD21 247 T
AKXD26 256 T

a T, T-cell lymphoma; B, B-cell lymphoma.
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